We present two novel alleles of the anion-exchanger 1 (AE1) mutations: E40K, GAG r AAG, the known mutation Mongene, allele Coimbra and allele Mondego. Allele Coimbra tefiore, and P147S, CCT r TCT, a novel mutation, both lo-(V488M, GTG r ATG) affects a conserved position in the cated in the cytoplasmic domain of band 3. Allele Mondego putative second ectoplasmic loop of erythrocyte band 3. In itself resulted in no clinical or hematologic HS signs in the 15 simple heterozygotes, it yielded a mild form of hereditary simple heterozygous state. Yet it yielded a slight decrease spherocytosis (HS) with band 3 deficiency (Ï20% Ô 2%) and in band 3 (Ï6% to Ï12%) and in the number of H 2 DIDS binda reduced number of 4,4-diisothiocyano-1,2-diphenylething sites (Ï19%). Thus, the more pronounced decrease in ane-2,2-disulfonate (H 2 DIDS) binding sites (Ï35%). Howband 3 in the two compound heterozygotes derived from ever, two additional heterozygotes presented with an aggrathe additive effects of two unequally expressed AE1 alleles, vated HS and a more pronounced reduction of band 3 resulting in a more severe clinical picture. (Ï40%) and of H 2 DIDS binding sites (Ï48%). They carried, ᭧ 1997 by The American Society of Hematology. in trans to allele Coimbra, allele Mondego, defined by two
8,9
band 3 presumably alter the protein 4.2 binding site.
HS associated with band 3 deficiency is usually homogeHereditary spherocytosis (HS) is a common hereditary hemolytic anemia in which the spheroidal, osmotically fragneous with regard to the clinical and biochemical picture within a given family. However, in certain families, some individuals are sicker than others, and this, at least in some cases, seems correlated with a more pronounced decrease in 
ciency. In the simple heterozygous state, allele Genas is
Submitted April 11, 1995; accepted February 20, 1997. symptomless, although it results in a slight reduction in band 3
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We report two novel abnormal alleles of the AE1 gene children from family MG, carrying allele Coimbra, presented with Based on the presence of mutation Montefiore (lysine at position a more severe picture of constantly uncompensated anemia (Fig 1) . 40) in band 3 Mondego, we used trypsin digestion (trypsin/substrate Child III.1, the proband, had neonatal jaundice and severe hemolytic 1 / 500 to 1 / 50 ; incubation for 15 minutes to 1.5 hours at 4ЊC) of stripped anemia in the first months of life (hemoglobin [Hb] 51 g/L, RBC vesicles (pH 12.0) according to the method of Rybicki et al 23 to 1.9 T/L, reticulocytes 14%, and bilirubin 35 mmol/L). During the assess the presence of band 3 Mondego. Peptide maps were analyzed following years, Hb fluctuated between 80 and 85 g/L, but was lower using 12% SDS-PAGE 32 and densitometric scanning (570 nm). Band during febrile episodes. Spherocytes were more conspicuous (Fig 1) 3 Mondego generated a 16-kD truncated N-terminal fragment. Norand the osmotic resistance (not shown) was much more reduced.
mal band 3 and band 3 Coimbra produced a 22-kD normal N-terminal Splenectomy performed at 8 years of age was efficient (Hb 131 g/L, fragment. The 16-kD/(22-kD / 16-kD) ratio was determined to RBC 4.0 T/L, reticulocytes 4%, and bilirubin 13 mmol/L). Child III.2 estimate the ratio for band 3 Mondego to total band 3. Assuming had a comparable clinical presentation and responded identically to that the staining was roughly proportional to the polypeptide length, splenectomy at 6 years of age. Both children inherited allele Coimbra we applied the multiplication factor, 22/16 Å 1.37, to the surface from their mother (II.2) and allele Mondego from their father (II.1).
value of the 16-kD band. The latter was symptomless and had normal RBC data and normal Studies on band 3 cDNA and AE1 gene. Reticulocyte RNA was osmotic resistance (Hb 156 g/L, RBC 4.5 T/L, reticulocytes 1.8%, prepared from peripheral blood as polysomal precipitates and exand bilirubin 16 mmol/L). Child III.3 was also heterozygous for tracted with phenol, chloroform, and isoamyl alcohol. 33 Reverse tranallele Mondego and, as did her father, remained symptomless. scription (RT) was performed as previously described, 34 followed by polymerase chain reaction (PCR). Only nucleotide primer se-
Methods
quences not presented elsewhere 12,13 will be described here and numbered from the ATG initiation codon. Primers E/F and G/H 12,13 were Studies on erythrocyte membrane proteins. RBC membrane proused to cover the entire transmembrane coding sequence. The prodteins were analyzed by polyacrylamide gel electrophoresis in the ucts were digested with BanII and HinfI / BstUI, respectively, to presence of sodium dodecyl sulfate (SDS-PAGE) using a 3.5% to generate subfragments suitable for the search for single-strand con-17% exponential gradient, 28 and scanned at 570 nm using a System formation polymorphisms (SSCPs).
12,35
II Densitometer (Sebia, Issy-les-Moulineaux, France). The band 3 Direct nucleotide sequencing was performed with asymmetrical to spectrin, band 3 to protein 4.1, and protein 4.2 to protein 4.1 RT-PCR (primers E/F, primer F in excess) using primer X (5AGT-ratios were calculated using Fairbanks gel. 28 Western blots were GTCGAGCTGCTGATCT, sense; nucleotide [nt] 1308 to nt 1327) performed using mouse monoclonal anti-human band 3 antibodies as previously described. 34 Determination of the entire coding se-(Sigma, St Louis, MO). Erythrocytes were fractionated according to quences and parts of the 5-and 3-UTR of cloned band 3 Coimbra density using a Percoll gradient. 29, 30 To determine if anion transport and band 3 Mondego cDNAs from a compound heterozygote (MG was reduced in proportion to band 3 deficiency, 4,4-diisothiocyano-III.2) was accomplished. Coimbra and Mondego clones were differ-1,2-diphenylethane-2,2-disulfonate (H 2 DIDS) binding sites and sulentiated based on the NlaIII site (created by mutation Coimbra) fate flux were determined using H 2 Band 3 spectrin or 012% for band 3/protein 4.1; Table 1 and Fig Genomic DNA was obtained from leukocytes. 36 In view of prelim-2), but protein 4.2 was not reduced (Fig 2) .
inary linkage studies, we amplified a DNA fragment carrying the PstI
Minor bands of abnormal size were not observed with polymorphism. 37 We used primers 5GGGTGTTCCCTGGCATAG
immunoblotting. The size and quantity of spectrin, ankyrin, 28 the decrease in band 3 was similar in the 13 quencing (Fig 3) disclosed the mutation, V488M (GTG r normal/Coimbra (HS) patients of family CL (band 3/spec-ATG, exon 13), defining allele Coimbra and occurring in trin, 020% { 2%; band 3/protein 4.1, 025% { 3%; not the putative second ectoplasmic loop. 2, 3 A NlaIII site was shown). A similar band 3 reduction was observed for normal/ created (/, 293-/ 86-nt fragments; 0, 379-nt fragment). Coimbra patients I.2 and II.2 of family MG (band 3/spectrin,
The NlaIII site was present in the heterozygous state in 17 Ç018%; band 3/protein 4.1, Ç027%; Table 1 and Fig 2) .
HS patients, including individuals I.2, II.2, III.1, and III.2 There was also a proportional reduction in protein 4.2 (proof family MG, and was absent in 16 normal individuals tein 4.2/protein 4.1, 018% { 3% in the 13 patients of family (not shown). The nt sequencing was completed to the entire CL, not shown; 017% and 020% in patients I.2 and II.2 of coding sequence of cloned cDNA Coimbra and to parts of family MG, respectively; Fig 2) .
the 5-and 3-UTR 148 nt upstream from the initiator ATG In Coimbra/Mondego individuals III.1 and III.2 of family and 79 nt following the stop TGA codon. No other changes MG (presenting with an aggravated clinical picture), the rewere observed. ductions were more pronounced for band 3 (Ç040%; Table  Allele Mondego. We assumed that the most affected 1 and Fig 2) and protein 4.2 (Ç037%; Fig 2) a slightly deficient AE1 allele not clinically expressed in the gotes (not shown). Using various enzyme/vesicle ratios and various incubation times, the maximal band 3 Mondego persimple heterozygous state. Band 3 cDNA from individual III.2 was cloned. We found clones with mutation Coimbra centage (16-kD/16-kD / 22-kD) was about 70% in compound heterozygotes and 40% in simple heterozygotes. We (see above) and others without this mutation. The complete coding sequences of the non-Coimbra cDNA and parts of cannot exclude the possibility that some band 3 Mondego remained undigested (22-kD fragment). Thus, band 3 Monthe 5-and 3-UTR (as above) were determined. Two mutations in the cytoplasmic domain sequences were observed: dego was less well incorporated than normal band 3, and band 3 Coimbra was less well incorporated, if at all, than E40K (GAG r AAG, exon 4), reported before as mutation Montefiore, 23 and P147S (CCT r TCT, exon 6), a novel band 3 Mondego. mutation (Fig 3) . The double-mutated alleles were named coding segment and of substantial portions of the 5-and 3-UTR showed no other changes; and (3) Valine 488 was mRNA levels. Determination of mRNA content was performed with two independent RT-PCR and digestion proceconserved in all known AE1 cDNA (five species) and AE2 cDNA (four species) and replaced by threonine in AE3 dures. The results from NlaIII digestion suggested that about 50% of the mRNA was Coimbra mRNA in both Coimbra cDNA (three species). [38] [39] [40] This degree of conservation is similar to that reported for different recent amino acid substisimple heterozygotes and Coimbra/Mondego compound heterozygotes (Fig 4) . Identical results were obtained based tutions found in other HS cases with band 3 deficiency. 15, 16, 20 In the membrane domain, 11 other substitutions of conon Bsu36I digestion of mRNA Mondego (Fig 4) . Thus, no transcriptional or posttranscriptional defects were evidenced. served residues have been described in association with band 3 deficiency. 
G455E
15 and R518C, 20 were located at the end of TM2 and in the second inner loop, respectively. In one case, R760Q, Jarolim et al 16 demonstrated that the mutant band 3 was not incorporated into the membrane. On the other hand, comparable mutations in the putative third ectoplasmic loop, P548L 41 and V557M 41,42 carrying the Rb and Wd blood group antigens, respectively, yielded no band 3 deficiency even though P548 is even better conserved than V488.
38 A possible explanation is that the third ectoplasmic loop (putative positions 543 to 567) is longer than the second one (putative positions 480 to 490) and contains many variable amino acids. As a result, its greater plasticity would accommodate a change (P548L) that even involves a conserved position.
The more pronounced band 3 deficiency in the two sicker children resulted from the additive effects of a common AE1 allele causing HS with band 3 deficiency and a symptomless allele generating only a slight band 3 deficiency. In compound heterozygotes, the reductions of the band 3/protein 4.1 ratio (041%) and of the number of H 2 DIDS binding sites (048%) were equivalent to the sum of the corresponding deficiencies in simple heterozygotes 0 (12 / 27) Å 039% and 0 (19 / 35) Å 054%, respectively (Table 1) . However, summing the reduction of the band 3/spectrin ratios in the two kinds of simple heterozygotes, 0 (6 / 18) Å 024% did not equal the value in the compound heterozygotes, 040%, nor did the addition of sulfate flux rates, 0 (12.5 / 34) Å 046.5% versus 061.5%. It is not possible to conclude whether these small discrepancies are significant.
The amino acid substitutions in the cytoplasmic domain of band 3 yield a small decrease of the variant band 3. The first mutation of allele Mondego (E40K) introduces a basic residue at a poorly conserved position within the acidic seg- has previously been reported to be associated (1) in the homozygous state with HS and a sharp decrease of protein 4.2, but not with band 3 deficiency; and (2) in the heterozy- 
